Abstract Recent studies have shown that some biotic/abiotic signals such as predator-mediated chemical/physical cues and disparate water temperature are important factors for the induction of antipredator morphs in cladocerans. As much of the evidence has come from laboratory studies, it is important to investigate the extent to which these studies reproduce the real cyclomorphic conditions occurring in nature. The present study was planned to compare the differences in the potential intensity of cyclomorphogenic factors in the laboratory and in nature. For this, we conducted two experiments in the laboratory and the field at the same time using the small cladoceran Bosmina longirostris and a predacious copepod. The results of the present experiments suggested that an abiotic factor, lower temperature acted as a key factor enhancing the changes in both the length and shape of antennules in Bosmina, which had been governed by different signals from predators. The lower temperature can be effective in helping prey bosminids to detect a severe predation threat by cyclopoid copepods, since that condition is a feature of spring and fall, a time when copepods are abundant.
Introduction
Morphological change in response to specific predators is a common strategy in freshwater zooplankters that helps the prey animals to reduce the risk of extinction due to predation (Agrawal, 2001; Lass & Spaak, 2003) . The defenses of the prey make it more difficult for the predators to handle or ingest them, resulting in better competitive ability in the presence of particular predators compared with organisms lacking such defenses Vos et al., 2004) . In order to understand the induction process and how a particular morphological defense is effective as a survival strategy, there has been increasing interest in recent decades on the use of ecological studies on the proximate factors influencing induction (Tollrian & Dodson, 1999) .
Chemical signals, kairomones (allelochemicals giving the receivers some benefit, Brown et al., 1970) , released from vertebrate/invertebrate predators have been considered the main proximate factors to trigger the development of protuberant morphologies (Tollrian & Dodson, 1999) . Since the kairomones dissolve in the water, prey animals can detect particular predators before they encounter them (Hanazato, 1994) . Polymorphic zooplankters respond to the predator kairomones, though most of the kairomone-induced morphological changes in the laboratory have been less extreme than those in the field, suggesting that a single exposure to predator kairomones is insufficient to trigger extreme morphological modification (Havel & Dodson, 1985; Hanazato & Ooi, 1992; Sakamoto et al., 2006) .
In the case of morphological changes in cladoceran, cyclomorphic factors other than predator kairomones have been studied in the genera Daphnia and Bosmina. As examples of predator-mediated signals, alarm substances released from crushed conspecifics are known to act as enhancers of the changes (Stabell et al., 2003; Laforsch et al., 2006) . The alarm cue informs the surrounding conspecific animals that they are in a dangerous environment. An abiotic factor, warmer (or colder) water temperature, can induce defensive morphs even in the absence of predators (Havel & Dodson, 1985; Kappes & Sinsch, 2002) . To prey cladocerans, disparate water temperature can be a stimulus identical to an abundance of predators in the field: high temperature is a feature of summer, a time when the invertebrate predator, the Chaoborus larva, appears in abundance (Tollrian & Dodson, 1999) . On the other hand, low temperature (spring and autumn) suggests to the prey that there is a high abundance of cyclopoid copepods (Tollrian & Dodson, 1999; Kappes & Sinsch, 2002) .
Recent studies have also shown that physical cues such as the small-scale water turbulence caused by predators or their attacks are important factors for the induction of protuberant morphologies (Havel & Dodson, 1985; Sakamoto et al., 2007) . Surprisingly, have demonstrated that water turbulence alone induces extreme helmet formation by Daphnia cucullata even in the absence of predator kairomones . Furthermore, Sakamoto et al. (2007) have reported that the changes in the antennule morphotypes of Bosmina longirostris are induced only by physical stimuli from the predacious copepods and not by their kairomones. The evidence from their studies suggests that physical stimuli can be a key induction factor for the development of defensive devices in cladocerans, in addition to any role of kairomones.
As much of the evidence has come from laboratory studies, it is important to investigate the extent to which these studies reproduce the real cyclomorphic conditions occurring in nature. Laboratory studies have indicated that induction of extreme morphological changes requires the animals to be exposed to several proximate factors simultaneously. However, information is still lacking, since most experiments have involved exposure to one or, at the most, several cyclomorphic factors under otherwise constant conditions.
The present study was planned to compare the differences in the potential intensity of cyclomorphogenic factors in the laboratory and in nature. For this, we conducted two experiments in the laboratory and the field at the same time using the small cladoceran Bosmina longirostris and the predacious copepod Acanthocyclops vernalis.
Materials and methods
The containers used for culturing the animals were 40-ml cylindrical acrylic chambers (Fig. 1) . The chambers were designed after drawing the dialysis culture chamber by Watanabe (1987) . Membrane filters (47-mm diameter) were used as a permeable boundary between the culture space and the outer environment. In order to estimate the exchange rate of the water through the filters, the rate of diffusion and permeation of an inorganic ion (Na ? ) from the outer environment to the inner space was analyzed. A Fig. 1 Structural drawing of the culture chamber. Abbreviations: SS, screw spike; AP, acrylic plate; MF, membrane filter of 47 mm in diameter; AT, acrylic tube; SC, silicon cap chamber filled with aged tap water was placed in a 2-l glass beaker containing 2 l of NaCl solution (10 mg l -1 ). The beaker was kept at 20°C under static conditions, and the Na ? concentration inside and outside the chamber was monitored for 24 h.
A single clone of Bosmina longirostris, originally from Lake Suwa, Japan (36°2 0 N, 138°5 0 E), was used as the test organism. A copepod, Acanthocyclops vernalis, was prepared as the predator because it is a dominant invertebrate predator co-existing in Lake Suwa. Adult females of A. vernalis (body length: [1.2 mm) were isolated from plankton samples collected from Lake Suwa and maintained for 24 h at 15°C until the start of the experiment with natural zooplankton including Bosmina as food.
Two experiments were then started at the same time, one in the laboratory and one in situ. At the beginning of the experiments, 26 groups of B. longirostris, each composed of 20 haphazardly selected adult females, were prepared from the stock culture. Each group was placed in a chamber containing 40 ml aged tap water with Chlorella vulgaris (Chlorella Industry Co. Ltd., Fukuoka, Japan; 2.9 lg C ml -1 ) as food. The food level was settled according to a report for the cladoceran cultures using Chlorella (Nandini & Sarma, 2003) .
The laboratory experiment was conducted under constant conditions (15.0°C; 16 h light:8 h dark). Twelve chambers were used, with the bosminids being exposed to one of three different treatments, each having four replicates. The first treatment was the control, where each culture chamber was placed into a 500-ml glass beaker containing 300 ml aged tap water plus Chlorella (2.9 lg C ml -1 ). In the second treatment, to expose the bosminids to Acanthocyclops kairomone, culture chambers were placed into the predator-contaminated beakers, each containing three copepods (outside the chamber). In the third treatment, two individuals of A. vernalis were added to each beaker and an individual copepod was introduced into the culture chamber. Thus, the third treatment involved the bosminids being exposed not only to the kairomone but also to physical contacts with A. vernalis. Twenty individuals of Bosmina were added to each beaker as food for the copepods in all treatments. Chlorella was added to each beaker and culture chamber every third day to provide 2.9 lg C ml -1 . The other 15 culture chambers were used for the field experiment, employing treatments similar to those in the laboratory experiment. As a control, five chambers were interconnected with nylon strings and placed in an occlusive polyethylene container filled with 9 l temperature-regulated aged tap water at 15°C. In the central area of Lake Suwa (approximately 6-m depth), the container was suspended from mooring buoy by a 3-m rope with weights to keep the animals at a fixed depth. For the predator treatments, five pairs of chambers were suspended at 3-m depth from the surface water by a rope, with an individual of A. vernalis introduced into one of each of the paired chambers. The bosminids were therefore exposed to the physical stimuli from the predators and the lake water or to the lake water alone. Chlorella cells were added every third day as in the laboratory experiment.
Both experiments were terminated on day 13 and all the animals in each chamber were preserved with sugar-containing formalin at a final concentration of 4% (Haney & Hall, 1973) . Environmental factors (water temperature and dissolved oxygen concentration) and the density and vertical distributions of the animals were monitored in the central area of the lake on days 1, 7, and 13. Water temperature and dissolved oxygen concentration were monitored from the surface to near the bottom (6 m) at 1-m intervals using a YSI 55 dissolved oxygen meter (YSI Co., Ohio, USA). Analysis of animal density was done on a column of water by a column sampler (diameter 5.5 cm, length 2 m) with a hydraulically operated flap at the bottom to collect three separate samples (surface to 2 m depth, 2-4 m, and 4 m to near bottom) and then pooling them (total 12.4 l). The vertical distribution was analyzed using a Van Dorn Sampler with 6 l of lake water taken at 1-, 3-and 5-m depth. The animals were collected on a filter (mesh size 40 lm) and preserved with sugar-containing formalin at a final concentration of 4%. Cyclopoid copepods and B. longirostris were identified and counted using a microscope at 1009 magnification.
The specimens of bosminids were divided into two groups for counting: adults and juveniles. Morphotypes (antennule types) of adult females were identified following the criterion used previously (Sakamoto et al., 2007) , where animals with hooked antennules were identified as ''cornuta,'' and animals having slightly curved antennules as ''pellucida.'' The identification was not needed for the juveniles because all the individuals showed the ''pellucida''-morphotype. Differences in morphotype composition among the treatments/experiments were tested statistically with the Tukey-Kramer post hoc test (following analysis with ANOVA) for the values of relative abundance of ''pellucida'' (number of ''pellucida'': total adult females) after arcsine transformation using StatView version 5 (SAS Institute, Cary, NC, USA). In addition, all the individuals in both experiments had the lengths of body, antennule, and mucrone length recorded under a binocular microscope to the nearest 10 lm. In order to assess the effects of the treatments, quantitative differences in morphological measurements among the six treatments (three treatments in each experiment) were also tested by nested ANOVA for each of the four divided body size classes: \300, 300-349, 350-399, and [399 lm. Body length of 300 lm is critical boundaries to divide the animals into juveniles or adults for this Bosmina clone.
Results
The validity of the culturing chamber was verified by the experiment using an inorganic ion, Na ? (Fig. 2) . The concentration of Na ? in the culture chamber reached a similar value to the outer environment within 16 h. This suggests that chemicals dissolved in the water could permeate the chamber completely by the end of a day.
The lake water temperature and DO concentration were constant down to 4 m but declined slightly below this depth (Fig. 3a) . The mean water temperature and DO concentration at 3-m depth were 11.2°C and 10.9 mg l -1 , respectively. The temperature of 11.2°C was less than that in the laboratory experiment (15°C). The density of B. longirostris was influenced by depth with the density highest near the surface (Fig. 3b) . The density of the cyclopoid copepod Thermocyclops taihokuensis was high, but that of Acanthocyclops vernalis was very low irrespective of depth.
At the end of the experiment, the numbers of Bosmina in the culture chambers differed between the treatments/experiments ( Table 1) . The values for both juveniles and adults tended to be higher in the laboratory than in the field ( Table 2 ). The size at first maturation of Bosmina (smallest body size holding eggs) differed markedly between laboratory and field.
The relative abundances of ''pellucida''-morphed Bosmina differed depending on the experimental treatment (Tables 1 and 2 ). In the laboratory controls, all the animals had ''cornuta''-type antennules. However, the percentage of the ''pellucida''-morphed individuals tended to be higher in the ''physical contact'' treatments, although there was no significant difference among the treatments within each experiment. Nevertheless, the value for the ''physical contact'' treatment in the field experiment was higher than for the ''control'' and the ''kairomone'' treatment in the laboratory experiment. The lengths of antennule and mucrone did not differ significantly between treatments in any body size class, although there was a trend for higher values when the animals were exposed to physical contact with predators (Fig. 4) .
Discussion
The number of Bosmina in the chambers was more numerous in the laboratory than in the field (Tables 1  and 2 ). This may be explained by the difference in temperature between the laboratory and field. The mean temperature of 11.2°C at 3-m depth in the lake, where the culture chambers were attached, was lower than that in the laboratory (Table 2; Fig. 3 ). The different temperatures must cause differences in the growth rates between the bosminids in the laboratory and field. The individual growth rate and egg development times are strongly related to temperature, as expressed by an equation of Bottrell (1975) :
2 , where D is the duration of egg development or age at first parturition in days and T is the temperature (°C). For the calculation of age at first parturition, the constant numbers ln a and b are approximately 3.3 and -0.19, respectively, for B. longirostris (Hanazato & Yasuno, 1985) . In order to apply these values to the present results, D must be 1.3 times longer in the field (T = 11.2, D = 9.1) than in the laboratory (T = 15.0, D = 6.9), resulting in higher population growth rate in laboratory cultures, in which, then, established larger population.
In the ''physical contact'' treatments, despite the bosminids being exposed to copepod predation, there 
) in Lake Suwa
Values denoted by the same letters are not significantly different each other (Tukey-Kramer post hoc test, P [ 0.05) in numbers of total individuals, juveniles, adults, and ''pellucida'' (%) in the chambers set in field and in the laboratory was no strong decline in population density in either experiment. These results suggest that the individual death rate of B. longirostris due to copepod predation was not high, in agreement with the previous studies (Sakamoto & Hanazato, 2008) . During our experiments, the dominant predator in the lake was the small Cyclopoida, Thermocyclops taihokuensis, while the density of Acanthocyclops vernalis was very low (Fig. 3) . Although these two copepods are known to influence the community structure and population dynamics of small zooplankters including Bosmina, the predation impact on the prey organisms is more severe with Acanthocyclops than with Thermocyclops (Nagata & Hanazato, 2006) . However, the densities of the copepods recorded from the daytime samplings might not necessarily represent the actual abundance in the field. This was because we did not take the diel vertical migration (DVM) of the copepods into consideration (Williamson & Magnien, 1982; Neill, 1990; Makino & Ban, 1998) . Chang & Hanazato (2004) have observed the vertical distributions of cyclopoid copepods in Lake Suwa, and have shown that the individuals in a large part of the cyclopoid copepod population stay just above the bottom during the day and migrate upward at night. Our zooplankton sampling method with the column sampler most probably failed to include cyclopoid copepods distributed closely to the bottom. On the other hand, the prey Bosmina shows no diel changes in distribution in this lake (Chang, 2003) . Thus, vertical migration by the copepods can cause a difference between day and night in the predation pressure on Bosmina in the mid-or upper layers.
Size at first maturation of Bosmina (smallest body size holding eggs) was smaller in the wild animals than in the laboratory-cultured clone (caption in Table 2 ). Such phenomenon has often been observed in the field, in which B. longirostris matures at smaller size in summer and autumn than the other seasons (Kerfoot, 1974; Brock, 1980) . This coincides with the present observation in autumn (October). The seasonal succession in body length may be a result of complicated effects of size-selective predation, genotypic succession, and fish-induced life history sift (Kerfoot, 1974; Brock, 1980; Tollrian and Dodson, 1999) .
Factors related to cyclopoid copepods are known to enhance the development of the protuberant morphology in B. longirostris (Kerfoot, 1987; Kappes & Sinsch, 2002 , Sakamoto et al., 2007 . Kairomones (chemical signals) are the most prevailing signals used in prey-predator interactions in freshwater plankton (Lass & Spaak, 2003) . Since the predator kairomones are dissolved in the water body, they help the prey animals to take preventive measures (elongation of appendages), as they can detect the presence of the predators before any encounter (Hanazato, 1994) . Recently, however, it has been found that the physical factors caused by mechanical attacks/handling by the copepods are additional cues enhancing the development of the anti-predator morphology in Bosmina longirostris: the ''cornuta''-morphed animals (hooked antennules) change their antennule shape to the ''pellucida''-morphotype (slightly curved antennules) (Sakamoto , 2007) . The ''pellucida''-type antennules defend the bosminid's ventral opened carapace against copepod predation (Kappes & Sinsch, 2002; Chang & Hanazato, 2003; Sakamoto & Hanazato, 2008) .
The relative abundance of the ''pellucida''-morphed adults tended to be higher in the culture chambers in the lake than in the laboratory (Table 2 ). All the bosminid individuals of the laboratorycultured clone had ''cornuta''-morphed antennules in their adult stages under constant laboratory conditions without predators (control in the laboratory experiment, Table 2 ). However, the percentage value for ''pellucida'' increased significantly to 14.0% when these were exposed to physical contacts with the predators in the lake, clearly in accord with the results of our previous study (Sakamoto et al., 2007) . Although the value was also high in the laboratory experiment (7.2%), the increase was not significant.
Selective predation by the copepods against ''cornuta''-morphed individuals can be a factor that raises the ratio of the ''pellucida''-morphed individuals in population. However, this was not the event that occurred in the present study since the copepod predation pressure was very low (no reduction in observed numbers, Table 2 ). The high abundance of ''pellucida''-morphed individuals recorded only in the field experiment indicates that some latent factors other than the chemical (kairomone) and physical (mechanical contact) signals from the predators, influenced the bosminid's antennule shapes in the natural environment.
Difference in induction efficiency between the laboratory and field experiments can be explained by differences in water temperature. During our experiment, the lake water temperature of 11.2°C was lower than that in the laboratory (15.0°C). Several researchers have demonstrated that water temperature affects not only growth but also the morphology of cyclomorphic cladocerans (Kerfoot, 1975 (Kerfoot, , 2006 Havel & Dodson, 1985; Kappes & Sinsch, 2002) . Kappes & Sinsch (2002) reported that acclimation of B. longirostris individuals to cold water (10°C in their experiment) led to an increase in appendage length. A similar trend was observed in the present study (Fig. 4b, c) . Although the difference was not significant, juvenile individuals in particular tended to have longer appendages in the field experiment, where the animals were exposed to a lower temperature (11.2°C) than in the laboratory (15.0°C) (Fig. 4b, c) . Moreover, it was observed in the present study that some Bosmina individuals had the ''pellucida''-morphed antennules even in the absence of chemical/physical signals from the predators when they were placed in the field (control in the field experiment, Table 2 ), which was not observed in the laboratory experiment. This indicates that the colder water lead to a change of antennule shape in this species.
The relative abundance of the ''pellucida''-type animals was far higher in the wild (31%) than in the clonal populations used in the experiments (14% at maximum) ( Table 2 ). One possible reason to explain the difference between the wild animals and in the clonal populations is the selective predation of the copepods on the ''cornuta''-morphed animals in the field (Kappes & Sinsch, 2002) . In some clones, each antennule morphotype is genetically fixed and the ''cornuta''-morphed individuals are more vulnerable to the copepod predation (Kappes & Sinsch, 2002) . On the other hand, Sakamoto et al. (2007) have reported that the ''pellucida''-type antennule of B. longirostris is induced only when the animals were exposed to mechanical contact with the copepods. Therefore, the relative abundance of each morphotype in the natural environment can be regulated by selective predation in combination with the inducible defense mechanisms of the prey Bosmina.
The previous studies have revealed that changes in bosminids' antennule length and shape are governed by different signals from predators: chemical signals (kairomones) induce the elongation of antennules, while antennule shapes are affected by physical signals (mechanical contacts/attacks) (Kappes & Sinsch, 2002; Sakamoto et al., 2007) . However, results of the present study suggest that lower temperature enhances both the morphological changes. The lower temperature can be effective in helping prey bosminids to detect a severe predation threat by cyclopoid copepods, since that condition is a feature of spring and fall, a time when copepods are abundant (Kerfoot, 1975; Chang & Hanazato, 2003) . Therefore, it can be concluded that the low temperature is a key factor inducing the developments of anti-predator morphologies in Bosmina.
The present study has shown that the small culture chamber (Fig. 1) is an excellent tool for investigating the cyclomorphic conditions existing in natural water bodies. Linking natural and artificial environments using experimental approaches seems to be an appropriate avenue for clarifying the nature of phenomena occurring in the field.
